Neurotrophins are growth factors that are known to have a role in promoting cell survival and differentiation. The focus of the current study is to examine the role of neurotrophins in regulating ovarian primordial follicle development. Ovaries from 4-day old rats were placed into organ culture and cultured for 10 days in the absence or presence of neurotrophin-3 (NT3), brain-derived neurotrophic factor (BDNF), or nerve growth factor (NGF). Treatment of ovaries with NT3 resulted in a significant (P!0.01) increase in primordial follicle development (i.e. primordial to primary follicle transition). Treatment with BDNF at high doses of 100-250 ng/ml also significantly (P!0.01) increased primordial follicle development, but NGF had no effect. Immunohistochemical studies determined that NT3 was present in granulosa cells, interstitial tissue, and in the oocytes of primordial and primary follicles. The NT3 receptor NTRK3 was present in oocytes at all stages of development. Analysis of ovaries that contain predominantly primordial follicles demonstrated the transcripts for NT3, NTRK3, NGF, and the BDNF/neurotrophin-4 (NT4) receptor NTRK2 are expressed, while BDNF, NT4, and the NGF receptor NTRK1 are not detectable. Inhibition of the NTRK3 receptor with the tyrphostin AG 879 resulted in oocyte death and a significant (P!0.01) reduction in follicle pool size. Inhibition of the NTRK receptors with K252a slowed primordial to primary follicle transition. A microarray analysis demonstrated that a small number of genes were differentially expressed after NT3 treatment. Observations indicate that the neurotrophin NT3, acting through the NTRK3 receptor in oocytes, promotes the primordial to primary follicle transition.
Introduction
Neurotrophins are paracrine signaling molecules that are well known for their role in promoting survival and differentiation of neuronal cells. In mammals, these signaling factors include nerve growth factor (NGF; Levi-Montalcini et al. 1996 ), brain-derived neurotrophic factor (BDNF; Leibrock et al. 1989) , neurotrophin-4 (NT4; Berkemeier et al. 1991 , Ip et al. 1992 , and neurotrophin-3 (NT3; Hohn et al. 1990 , Maisonpierre et al. 1990 , Rosenthal et al. 1990 ). High-affinity neurotrophin receptors (NTRs) are transmembrane tyrosine kinase receptors that belong to the NTRk proto-oncogene family. NGF binds to the NTRK1 receptor, BDNF and NT4 bind to NTRK2, and NT3 binds to NTRK3 (reviewed in Segal (2003) ). All these neurotrophins also bind to a low-affinity receptor, P75 NTR , Johnson et al. 1986 , Segal 2003 .
In addition to neuronal cell functions, neurotrophin signaling events also have important roles in non-neural tissues (Kawaguchi-Manabe et al. 2007 , Papatsoris et al. 2007 , Peters et al. 2007 , Freund-Michel & Frossard 2008 , Nico et al. 2008 . Previously, we have observed that Nt3 and Ntrk3 genes are expressed in developing neonatal rat ovaries and are influenced by factors that regulate primordial follicle development (Kezele et al. 2005b, and unpublished data) . The focus of the current study is to examine the role of neurotrophins in ovarian follicle development.
In rodents, primordial follicles are formed between the day of birth and several days of age in a process known as primordial follicle assembly (Hirshfield 1991 , Hirshfield & DeSanti 1995 , Skinner 2005 . Primordial follicles consist of a single oocyte that is arrested in prophase of the first meiotic division and that is surrounded by flattened pregranulosa cells. When a primordial follicle leaves the arrested state and begins to develop, the flattened pregranulosa cells proliferate and become cuboidal, and the oocyte begins to enlarge. This process is known as the primordial to primary follicle transition. Once a primordial follicle leaves the arrested state it will either continue to grow until the oocyte is released at ovulation or the follicle undergoes apoptosis and atresia (Peters et al. 1975 , Hirshfield 1991 , Rajah et al. 1992 . Several growth factors have been identified that regulate primordial to primary follicle transition by paracrine and autocrine signaling pathways including: kit ligand (KL); leukemia inhibitory factor (LIF); bone morphogenetic protein 4 (BMP4); BMP7; platelet-derived growth factor (PDGF); basic fibroblast growth factor (bFGF); and glial-derived neurotrophic factor (GDNF; Fortune 2003 , Skinner 2005 , Visser & Themmen 2005 , Dole et al. 2008 . Anti-Mü llerian hormone/Mü llerian inhibitory substance and stromal-derived factor-1 (SDF-1/ CXCL12) inhibit primordial to primary follicle transition (Ikeda et al. 2002 , Holt et al. 2006 , Nilsson et al. 2007 . Once the supply of follicles in the ovary is exhausted reproduction ceases and, in humans, women enter menopause (Gosden et al. 1983 , Richardson et al. 1987 , Faddy 2000 . A thorough understanding of this process will lead to therapies for ovarian disease and control of the transition to menopause.
Previous research has characterized the expression of neurotrophins in ovarian follicle cells. At the developmental period that primordial follicles are being formed (i.e. primordial follicle assembly), low-affinity P75 NTR receptor expression increases, NGF and NTRK1 expression decreases, and NT4 along with NTRK2 mRNA expression increases (Dissen et al. 1995) . In mice, P75 NTR protein is expressed in interstitial/stromal cells of ovaries containing primordial and developing follicles (Dissen et al. 2001) . Expression of the NGF receptor NTRK1 was detected in some stromal cells, and NTRK1 was abundant in the granulosa cells and oocytes of primordial and primary follicles in mice (Dissen et al. 2001) . In humans, NT4 and BDNF protein are expressed in oocytes of primordial and developing follicles, with some granulosa cells also stained. The NTRK2 receptor for NT4 and BDNF is strongly expressed in granulosa cells of primordial and early developing follicles in humans, with some expression in oocytes (Harel et al. 2006) . NT3 expression has been previously detected in the granulosa cells of growing follicles in rats (Ernfors et al. 1990 ). In humans, both NT3 and NTRK3 were detected in the granulosa cells of antral pre-ovulatory follicles and NTRK3 was detected in oocytes (Seifer et al. 2006) . However, little has been reported about the expression or action of neurotrophins or NTRK receptors in arrested primordial follicles or early stage developing follicles.
The objective of the current study is to test the actions of the neurotrophins NT3, BDNF, and NGF in promoting primordial to primary follicle transition. In addition, the expression patterns of NT3 and NTRK3 in primordial and developing follicles were investigated. A better understanding of the regulation of this critical reproductive process will lead to better understanding and therapies for some infertility disorders (i.e. premature ovarian failure), or potentially to extend the reproductive lifespan of domestic animals, as well as to control of the menopausal transition in women.
Results
Ovaries from 4-day old rats were placed into a wholeovary organ culture system and cultured for 10 days with or without treatments of NT3, BDNF, or NGF. The ovaries were then fixed, sectioned, stained, and examined microscopically for differences in the proportion of developing versus quiescent (primordial) follicles. Effects on primordial to primary follicle transition were determined. Treatment of ovaries in culture with 50 ng/ml NT3 resulted in a significant (P!0.01) increase in the proportion of developing follicles (i.e. increased primordial follicle transition; Fig. 1A ). Treatment with Figure 1 Follicle development (follicle category percentage) in cultured rat ovaries treated with NT3, BDNF or NGF. Postnatal 4-day (P4) old rat ovaries were cultured for 10 days in the absence or presence of: (A) NT3 (50 ng/ml); (B) BDNF (50 or 250 ng/ml); (C) NGF (50 ng/ml); or KL (50 ng/ml). Follicles were classified as primordial or developing. KL was used as a positive control and has previously been shown to stimulate follicle development. A minimum of three different experiments in replicate were performed with the meanGS.E.M. presented and asterisks indicating a statistical difference from control with *P!0.05 and **P!0.01 by Dunnet's post-hoc test after a significant ANOVA result. BDNF at higher doses of 100-250 ng/ml also significantly (P!0.01) increased the proportion of developing follicles (Fig. 1B) , although less was seen with NT3, and no effect was observed at lower BDNF concentrations. Treatment with NGF had no effect on primordial to primary follicle transition (Fig. 1C) . Treatment with KL, a known stimulator of primordial follicle transition (Parrott & Skinner 1999) , was used as a positive control (see Materials and Methods). None of these neurotrophin treatments caused a change in total oocyte number per section (i.e. caused a change in follicle pool size) compared to untreated controls (data not shown).
Immunohistochemistry was performed to determine where NT3 and NTRK3 proteins were localized in the rat ovary. In cultured neonatal rat ovaries, NT3 was present in granulosa cells, interstitial tissue, and in the oocytes of primordial and primary follicles ( Fig. 2A) . NT3 was less apparent in the oocytes of larger developing follicles ( Fig. 2A) . Since follicles in cultured ovaries undergo transition and growth, it is expected that cell type distribution of ligand and receptor will be similar to that in vivo. In adult rat ovaries, NT3 was detected in all cell types of larger developing follicles (Fig. 2E ). However, NT3 staining was not uniform across all cell types of the adult ovary (Fig. 2E, inset) , indicating that staining was specific. NTRK3 protein was present in oocytes at all stages of development, as well as in theca cells in large antral and pre-antral follicles ( Fig. 2B and F) . Interestingly, in early stage follicles NT3 was more apparent in oocyte nuclei, while the NTRK3 receptor was more apparent in oocyte cytoplasm.
RNA from whole 4-day old rat ovaries was evaluated for the presence of Nt3, Nt4, Ngf, and Bdnf transcripts, and for the NTRs Ntrk1, Ntrk2, and Ntrk3 (Fig. 3) . Fourday old rat ovaries have predominantly primordial follicles present. Results of RT-PCR-based detection experiments indicated that the transcripts for Nt3, Ngf, Ntrk2, and Ntrk3 were present, and that transcripts for Nt4 and Ntrk1 were not detectable. The presence of Bdnf was negligible (Fig. 3 ). These observations suggest that an intact NT3/NTRK3 signaling pathway is important for primordial follicle function.
In order to test the effect of blocking signaling from endogenous ovarian NT3, ovaries from 4-day old rat pups were cultured in the presence of the tyrphostin AG 879, which is an inhibitor of NTRK3 receptor signaling. In a previous study using a similar organ culture system, 20 mM AG 879 was found to be effective at blocking the effects of NT3 on rat testis development (Cupp et al. 2003) . Surprisingly, in the current study, AG 879 treatment in vitro resulted in oocyte death and a significant (P!0.01) reduction in the number of oocytes per ovarian cross-section, indicating a reduction in follicle pool size (Fig. 4A ). This effect occurred at AG 879 treatment concentration of O4 mM. At the 0.8 mM dose, AG 879 had no effect on follicle pool size, and also had no effect on primordial to primary follicle transition (Fig. 4B ). TUNEL analysis of ovary sections after culture showed an increase in the number of positive labeled oocytes with AG 879 treatment, indicting an increase in apoptotic oocytes (Fig. 5) .
This in vitro observation was extended with an in vivo treatment of postnatal female rats. Treatment of 5-day old and w25-day old rats in vivo with 7.6 and 6.7 mg/kg per NT3 and primordial follicle development day AG 879 respectively (the equivalent of 23.9 and 23.5 mM doses) for 5 days did not result in detectable changes in follicle development rates or oocyte death and follicle pool size compared to controls of the same age ( Fig. 6 and 25-day old data not shown). Higher doses of AG 879 resulted in dose-dependant rat mortality (data not shown). Therefore, no in vivo manipulation of primordial follicle pool size was observed.
Organ culture experiments were performed using the tyrphostin K252a which inhibits signaling of all NTRK receptors, including NTRK3. K252a at 200 mM inhibited primordial to primary follicle transition in cultured ovaries ( Fig. 7 ; PO0.05 by Student's t-test). Morphological examination of hematoxylin/eosin stained K252a-treated ovary sections showed that some developing follicles had an unhealthy appearance, with expanded oocyte nuclei, irregular granulosa cell layers, or indistinct oocytes (data not shown). However, there was no significant change in the total number of follicles present in K252a-treated ovaries.
A microarray analysis was performed in order to determine what pathways and cellular processes were affected by NT3 signaling in primordial follicles. Ovaries of 4-day old rats were cultured for 2 days with or without 50 ng/ml NT3 and RNA was isolated from the ovaries for use in microarray analysis. A 2-day treatment was used to observe early event signaling events independent of developmental changes observed after 10 days of culture. Table 1 contains a list of the genes differentially expressed after NT3 treatment. A relatively small number of genes (18 excluding expressed sequence tags) were found to be differentially expressed according to the criteria described in Materials and Methods. These included several genes known to have functions in plasma membrane mobility and function as well as some known to be important for developmental processes, see Table 1 .
Discussion
Neurotrophins have been shown to be present in ovaries, and when neurotrophin genes are eliminated in knockout mice, follicle formation and development is affected . However, it is difficult to isolate the effects of a gene knockout phenotype to a specific stage of follicle development. Therefore, in the current study experiments were performed to clarify and further determine the roles played by neurotrophins in regulating primordial to primary follicle transition. Treatment of ovaries in culture with NT3 resulted in a significant increase in developing follicles (Fig. 1A) . mRNA for Nt3 and its receptor Ntrk3 are expressed in ovaries at the time of the first wave of primordial to primary follicle transition (Fig. 3) . NT3 protein was present in granulosa cells, interstitial tissue, and in the oocytes of primordial follicles (Fig. 2) . NTRK3 protein was present in oocytes at all stages of development (Fig. 2) . Observations indicate that NT3 from different ovarian cell types promotes the primordial to primary follicle transition by signaling through the NTRK3 receptors present in oocytes.
BDNF treatment of ovaries in culture was able to promote the primordial to primary follicle transition at higher dosage levels (Fig. 1B) , but this may not be a physiologically relevant action for BDNF. This is because, at the time of primordial to primary follicle transition, BDNF is not expressed in rat ovaries, although its receptor NTRK2 is expressed (Fig. 3) . Therefore, exogenous BDNF treatment has the potential to bind to Neurotrophin and NTRK receptor expression in postnatal 4-day (P4) old rat ovaries. RNA from P4 whole rat ovaries was screened for neurotrophin and NTRK expression. PCR was performed on ovary samples as well as tissues known to express the genes of interest (tZ4-day old testes; pZadult pituitary; bZadult whole brain). S2 is a constitutively expressed rRNA. Data is representative (brain and testis) of a minimum of three different experiments.
endogenous NTRK2 and stimulate development, but there may be no BDNF produced in normal developing ovaries at this developmental period. The NTRK2 receptor probably has a role in larger developing follicles. In mice that are genetically lacking either NTRK2 expression or both BDNF and NT4 expression, primordial to primary follicle transition occurs, but growth of follicles beyond the primary stage is compromised (Paredes et al. 2004) . This supports the idea that BDNF/NTRK2 signaling is not important for primordial follicle transition in rodents. However, humans are reported to have both BDNF and NTRK2 expression in primordial follicles (Harel et al. 2006) . Further research is needed to determine what species differences exist in the neurotrophin signaling that helps regulate early follicle development.
NT3 has high-affinity binding to the NTRK3 receptor. However, under certain circumstances and during specific developmental time periods it has been shown that NT3 may activate the NTRK1 and NTRK2 receptors (Barbacid 1994 , Davies et al. 1995 , Huang et al. 1999 , Dechant 2001 . Since the Ntrk2 mRNA transcript is present in ovaries at this time, it is possible that some of the stimulation of primordial to primary follicle transition induced by NT3 treatment is due to NTRK2 activation. However, BDNF, a high-affinity ligand for NTRK2, was able only to stimulate follicle transition to a limited degree, suggesting that any contribution from NTRK2 activation is minor.
NGF was not shown to promote primordial to primary follicle transition (Fig. 1C) . This matches the finding that mRNA for the NGF receptor Ntrk1 was not detectable in 4-day old rat ovaries containing predominately primordial follicles (Fig. 3) . With no receptor present, NGF is not expected to be functional. However, a previous study by Romero et al. (2002) showed that NGF could induce FSH receptor expression in cultured 2-day old rat ovaries. NGF and NTRK1 expression decreases during the period of follicle assembly (0-5 days of age) in rats (Dissen et al. 1995) . Therefore, it appears that in the study by Romero et al. (2002) , the NTRK1 receptors remaining at 2 days of age in rat ovaries could respond to NGF, but that in the current study, by 4 days of age, not enough NTRK1 remained to elicit a response to NGF in primordial follicles.
Immunohistochemistry results indicate that NT3 protein is present in both oocytes and the surrounding somatic cells of primordial follicles (Fig. 2) . The NTRK3 receptor is present only in oocytes (Fig. 2) . Therefore, NT3 signaling to its NTRK3 receptor can occur in either a paracrine or autocrine manner in primordial follicles. This is similar to the findings for GDNF, in which autocrine signaling occurs since both GDNF and its receptor GFRa1 are localized to primordial follicle Figure 6 Treatment of 5-day old rat pups in vivo with the NTRK3 tyrphostin AG 879. Five-day old pups were injected s.c. daily for 5 days with 7.6 mg/kg per day AG 879. Pups were killed at postnatal day 9 (P9; nZ4), P13 (nZ5), and P28 (nZ2). Ovaries were evaluated as per Materials and Methods for (A) follicle pool size and (B) effect on primordial to primary follicle transition. AG 879 treatment resulted in no significant differences from controls of the same age. Data presented are the meanGS.E.M. NT3 and primordial follicle development oocytes (Dole et al. 2008) . This is also similar to the findings in human ovaries that the neurotrophins BDNF, NT4 and their receptor NTRK2 are each expressed in both oocytes and granulosa cells in larger developing follicles, so both autocrine and paracrine signaling is possible (Harel et al. 2006) .
In order to test if primordial follicle transition would be slowed by interfering with NT3/NTRK3 signaling, ovaries in culture were treated with AG 879, which is an inhibitor of NTRK3 function. At low doses there was no effect of AG 879 on primordial follicle transition (Fig. 4B ). This could be because the dose was too low to inhibit NTRK3 or because of the compensatory nature of the network of growth factors that stimulates follicle transition. Other stimulatory growth factors may be able to compensate when NT3/NTRK3 signaling is inhibited, so that primordial follicle transition was not compromised in the cultured ovaries. Interestingly, treatment with increasing doses of AG 879 in cultured ovaries resulted in a marked decrease in oocyte number (Fig. 4A ). This was due to increased apoptotic oocyte cell death (Fig. 5) . This suggests that either NTRK3 signaling is important for maintaining oocyte viability, or that AG 879 has a cytotoxic affect on oocytes in particular that is independent of its actions on the NTRK3 receptor. AG 879 has been shown to also inhibit signaling through the ERBB2 (neu) receptor (Levitzki & Gazit 1995 , Zhou et al. 2006 , and ERBB2 receptor mRNA levels have been shown to be regulated during follicle development (Kezele et al. 2005b ). Therefore, it is possible that signaling through pathways other than that of NT3/NTRK3 are mediating this effect of oocyte loss. When female rats were treated in vivo with AG 879 at doses equivalent to those that caused marked oocyte loss in cultured ovaries, no significant oocyte loss was seen (Fig. 6) . Perhaps in vivo the AG 879 compound is metabolized by passage through a detoxifying organ such as the liver or kidney, and thus cannot exert its effect on the ovary and induce oocyte death as it can in culture. Further experiments will characterize the mechanisms by which AG 879 affects oocyte viability. The ability to manipulate the primordial follicle pool would be useful to further study ovarian biology and develop therapies for ovarian disease. Since the NTRK3-selective inhibitor AG 879 induced oocyte apoptosis, a different tyrphostin was used in organ culture experiments to try to inhibit endogenous NT3-NTRK3 signaling. K252a inhibits all three NTRK receptors (NTRK1, NTRK2, and NTRK3). Treatment with K252a decreased spontaneous primordial to primary follicle transition in cultured ovaries (Fig. 7) . As the NTRK1 receptor is not expressed in ovaries at this time, and the ligands for the NTRK2 receptor are not expressed (Fig. 3) , the inhibitory effect of K252a is likely due to its effect on the NT3/NTRK3 signaling pathway. This supports the hypothesis that NT3 promotes primordial follicle transition. It was noted that the developing follicles of K252a-treated ovaries appeared less healthy than controls. While K252a did not cause a significant decrease in follicle pool size, this observation supports the idea that NT3/NTRK3 signaling may be important to oocyte survival, as was suggested by the results of AG 879 treatment, where oocyte apoptosis occurred. In addition, it is notable that some primordial to primary follicle transition did still occur in the presence of K252a. This indicates that NT3-NTRK3 signaling is probably not absolutely required for follicle transition, an idea supported by the finding that growing primary follicles may be found in mice in which the Ntrk3 gene is knocked out (Spears et al. 2003) .
In order to gain some insight into what physiological processes are affected by NT3 signaling, a microarray experiment was performed. mRNA expression in cultured untreated control ovaries was compared with that of NT3-treated ovaries after 2 days. Several genes identified as differentially expressed are known for their functions in the plasma membrane or cytoskeleton. Palmdelphin (PALMD) is associated with eye development and is part of a family of proteins that regulate the shape of the plasma membrane in cells (Lord-Grignon et al. 2006) . Epsin 1 (EPN1), laminin gamma 2 (LAMC2), and claudin 3 (CLDN3) are also important in plasma membrane activity or structures, such as endocytotic vesicles or tight junctions (Hewitt et al. 2006 , Weixel et al. 2007 , Kato & Motoyama 2009 . This matches what occurs during primordial to primary follicle transition, when significant changes in granulosa cell shape and number must occur. Similarly, granulosa cells are epithelial-derived cells, and the adenomatosis polyposis coli (Apc) gene is known to regulate epithelial cell migration, mitosis and differentiation (McCartney & Nathke 2008) . In addition, APC regulates b-catenin in the Wnt/frizzled/b-catenin signaling pathway, and this signaling pathway has been shown to be important for ovarian and follicular development (Richards et al. 2002 , Ricken et al. 2002 . Ubiquitination is also important for proper functioning of the Wnt/b-catenin/APC pathway (Voutsadakis 2008) , and both Nedd4 and Ube4a are genes regulated by NT3 treatment that are involved in ubiquitination (Caren et al. 2006 , Gay et al. 2008 . Many of these genes, of course, could also function in pathways unrelated to granulosa cell development. Also noted as changed with NT3 treatment were plexin A3 (Plxna3), known previously for its role in nerve axon guidance (Schwarz et al. 2008) , and the transcription factor myocardin (Myocd), previously known for specification of vascular smooth muscle (Long et al. 2007) . It is interesting to note that these changes in gene expression have occurred after 2 days of NT3 treatment, before there are any morphological changes in cell number or shape observed in ovarian follicles. Future studies will clarify the roles played by these genes in follicle development.
In these studies, the neurotrophin NT3 has been shown to contribute to promoting the primordial to primary follicle transition in rat ovaries. The actions of NT3 are similar to those of other ovarian growth factors such as KL, LIF, BMP4, BMP7, KGF, PDGF, bFGF, and GDNF (Fortune 2003 , Skinner 2005 , Visser & Themmen 2005 , Dole et al. 2008 . As research reveals more about the regulation of early follicle development, a picture is emerging of a complex network of paracrine and autocrine signaling factors that mediate communication between oocytes, granulosa cells, and surrounding thecal/interstitial cells. Primordial to primary follicle transition and subsequent follicle growth requires the coordinated activity of all these cell types, so it is not surprising that many growth factors are involved. Having many signaling factors involved allows for a complex and compensatory regulation of primordial follicle transition. This process that is vital to reproduction can be tightly controlled, responsive to changing conditions, and redundant so that reproduction continues even if a particular signaling molecule is interrupted. A thorough understanding of early follicle development could make possible the manipulation of this regulatory network, and lead to therapies for some infertility disorders, the extension of reproductive lifespan for domestic animals, and control of the menopausal transition in women.
Materials and Methods

Organ culture
Sprague-Dawley rats were obtained from a Washington State University breeding colony. The WSU Animal Care and Use Committee approved all animal procedures. Ovaries dissected from 4-day old female rat pups were maintained in a whole organ culture system on floating filters (0.4 mm Millicell-CM; Millipore Corp., Billerica, MA, USA) in 0.5 ml DMEM-Ham's F-12 medium (1:1, vol/vol; Life Technologies, Inc.) containing 0.1% BSA (Sigma), 0.1% albumax (Life Technologies, Inc.), 0.05 mg/ml L-ascorbic acid (Sigma), and 27.5 mg/ml transferrin (Sigma) in a 4-well culture plate (Nunc plate; Applied Scientific, South San Francisco, CA, USA). Medium was NT3 and primordial follicle development supplemented with final concentration 5 mg/ml gentamicin, 3.25 mg/ml streptomycin, and 3.25 units/ml penicillin to prevent bacterial contamination. Ovaries were treated with no factor (control), NT3 (rh NT3, 50 ng/ml; R&D Systems, Minneapolis, MN, USA), BDNF (rh BDNF, 50-250 ng/ml; R&D Systems), NGF (rr b-NGF, 50 ng/ml; R&D Systems) or KL/stem cell factor (rm SCF, 50 ng/ml; R&D Systems). Alternate treatments include AG 879 and K252a (Calbiochem-EMD Biosciences, Inc., San Diego, CA, USA). One to three ovaries were placed on each filter, and no two ovaries from the same animal were placed into the same treatment group. Culture medium and treatments were replaced every 2 days. After 10 days, ovaries were fixed in Bouin's fixative (Sigma) for 1 h followed by immersion in 70% ethanol. Tissues were paraffin embedded, sectioned at 3 mm, and hematoxylin/eosin stained. The experiments were repeated so that each treatment group contained three to ten different ovaries.
Morphological analysis
The number of follicles at each developmental stage was counted and averaged in two serial sections from the largest cross-section through the center of the ovary and averaged. Previously, the data obtained from this analysis of two middiameter cross-sections have been shown to provide similar results as analysis of compiled data from all serial sections (Parrott & Skinner 1999 ). In addition, total follicle number does not change between treatment groups, unless otherwise indicated in Results. Rather, only the percentage of follicles at each developmental stage changes with treatment (Nilsson et al. 2001 (Nilsson et al. , 2002 . KL was used as a positive control for the organ culture experiments. If an experiment did not show stimulation of primordial follicle transition with KL treatment, then that indicated a technical problem had occurred and the data from that experiment were excluded from analysis. In the experiments for this study, if there was no response to KL, then there was no response to any other treatment either. Follicles in ovarian cross sections were classified as primordial (stage 0), or developing (stages 1-4: early primary, primary, transitional, and pre-antral) as previously described (Oktay et al. 1995) . Primordial follicles consist of an oocyte arrested in prophase I of meiosis that is partially or completely encapsulated by flattened squamous pregranulosa cells. Early transition primary follicles have initiated development (i.e. undergone primordial to primary follicle transition) and contain at least one cuboidal granulosa cell. Primary and pre-antral follicles exhibit one or more complete layers of cuboidal granulosa cells. Four-day old ovaries contain predominately primordial follicles (Parrott & Skinner 1999 , Kezele et al. 2005b . Hematoxylin/eosin-stained ovarian sections were analyzed at 400! magnification using light microscopy. Follicles containing red eosin-stained oocytes were not counted.
Immunohistochemistry
Ovary sections from freshly isolated adult or cultured postnatal day 4 (P4) ovaries (unrelated control ovaries cultured for 10 days) were immunostained as previously described (Nilsson et al. 2002) for the presence of NT3 using anti-NT3 antibody (Anti-NT3 rabbit IgG, 1-0.1 mg/ml; Santa Cruz Biotechnology, Santa Cruz, CA, USA), or for NTRK3 using anti-NTRK3 antibody (Anti-NTRK3 rabbit IgG, 1-10 mg/ml; Santa Cruz Biotechnology). The anti-NT3 antibody was raised against an epitope that was from a portion of the human NT3 protein (Genbank P20783 aa's 110-160) showing 100% homology to rat NT3. A western blot of human cell lines with this antibody showed two major bands (www.scbt.com/datasheet-547-nt3-n-20-antibody.html). The anti-NTRK3 antibody was raised against an epitope from the porcine NTRK protein (GenBank P24786 AAs 770-820) showing 100% homology to rat NTRK3. Western blots against rat tissues (Ghinelli et al. 2003 , Lazar et al. 2004 show only NTRK3 brands. Briefly, 3 mm sections were deparaffinized, rehydrated through a graded ethanol series, boiled in sodium citrate (used only in neonatal NT3 immunohistochemistry), quenched in 3% hydrogen peroxide/ 20% methanol and 0.1% Triton-X solution, and then blocked with 10% goat serum (normal goat serum; Vector Laboratories, Inc., Burlingame, CA, USA) for 20 min prior to incubation with primary antibody for 12 h. Sections were then incubated in 0.1% Triton-X solution again (not used in neonatal NT3 protocol), washed in PBS and incubated with 1:300 diluted biotinylated secondary antibody for 20-40 min (goat antirabbit IgG; Vector Laboratories, Inc.), washed, and incubated with streptavidin peroxidase (Zymed, San Francisco, CA, USA) prior to colour development with a DAB peroxidase substrate kit (Vector Laboratories, Inc). Following development, sections were dehydrated, cover slips mounted with zylene-based medium (Cytoseal-XYL; Richard Allan Scientific, Kalamazoo, MI, USA), and analyzed at 200! and 400! magnification using light microscopy. Negative control experiments were performed using a non-specific primary antibody at concentrations matching NT3 and NTRK3 specific antibodies (Rabbit IgG; Sigma).
P4 rat ovaries were cultured in the presence or absence of AG 879 for 2 days, then Bouin's fixed, paraffin embedded, and sectioned for apoptosis analysis. Apoptotic cells were detected on duplicate slides by TUNEL assay using a Fluorescein In Situ Cell Death Detection Kit (Roche Applied Science).
PCR
Uncultured postnatal 4-day old rat ovaries were immersed in Trizol reagent (Sigma) and RNA extracted according to the manufacturer's protocols. RNA samples were DNase treated with the TURBO DNA-free kit (Ambion, Austin, TX, USA) prior to RT of RNA to cDNA according to a standard oligo-dT RT protocol in a reaction volume of 25 ml. Negative controls for each sample were created at this step by omitting MMLV enzyme in the RT reaction. PCR used the primer pairs described in Supplementary Table 1, which can be viewed online at www.reproduction-online.org/supplemental/. Primers were tested in positive control tissues known to express the genes of interest (adult rat brain, pituitary, or P4 rat testis). Thermocycling conditions were as follows: 95 8C 5 min, 35 cycles of 95 8C 30 s, 60 8C 60 s, 72 8C 30 s, followed by 72 8C 5 min. PCR products were electrophoretically analyzed and sequenced to confirm identity. Amplification of the ribosomal protein S2 was used as a reference standard. Ribosomal S2 mRNA expression does not change in ovarian cells regardless of treatment (Kezele et al. 2005a ).
Microarray and bioinformatics
Postnatal 4-day old rat ovaries were cultured for 2 days in the presence or absence of NT3. Culture conditions were identical to those described for 10-day organ culture experiments. Each sample contained six to ten pooled ovaries, and no two ovaries from the same animal were placed into the same treatment group. For each control and treated sample, three biological replicates were produced using different sets of ovaries. After culture, ovaries were placed into Trizol reagent for RNA extraction as per manufacturer's protocols. RNA was hybridized to the Affymetrix (Santa Clara, CA, USA) Rat 230 2.0 gene chips. One chip was used for each biological replicate (i.e. six chips total; three for control and three for treated). The Genomics Core in the Center for Reproductive Biology at Washington State University performed the analysis as previously described (McLean et al. 2002 , Shima et al. 2004 . Briefly, RNA from control and treated cultured ovaries were reverse transcribed into cDNA, which was transcribed into biotin-labeled RNA. Biotin-labeled RNA was then hybridized to the Affymetrix Rat 230 2.0 gene chips. Biotinylated RNA was then visualized by labeling with phycoerythrin-coupled avidin. The microarray chip was scanned on an Affymetrix Gene Chip Scanner 3000 (Affymetrix). The microarray image data were converted to numerical data with GeneChip Operating Software (GCOS version 1.2; Affymetrix) using a probe set target signal of 210. An analysis was performed with GCOS to assess the relative abundance of the transcripts based on signal and detection calls (present, absent, or marginal). The 11 perfect match and 11 mismatch oligonucleotides for a specific gene were used to statistically determine present/absent calls using a one-sided Wilcoxon's signed rank test. In GCOS, Excel files were generated with expression signals and absent/present calls for each probe set. Using the Excel files, R 2 for each pair of control or treated sample replicates were calculated (R 2 Z0.96-0.99), indicating negligible total variability between chips, experiments and samples. Quality of chips was assessed in the R-Bioconductor environment and appeared to be satisfactory. Excel files from GCOS were imported into Genespring software (Silicon Genetics, Redwood City, CA, USA) and normalized using the recommended defaults. This includes setting signal values below 0.01 to a value of 0.01. Unless otherwise indicated, in order for a transcript to be considered present, it had to be both tagged as present in the GCOS present/absent call, and have an expression level O75. In order for a transcript to be considered changed between treatment groups, it had to exhibit at least a 1.5-fold change between the means of the treatments and have a Student's t-test P value of !0.05 between control and treatment samples. Therefore, the data presented are for genes that were determined to be statistically present and found to be statistically different from control with a given treatment.
Previous studies have demonstrated that microarray data are validated with quantitative PCR data (Shima et al. 2004 , Kezele et al. 2005b . Owing to the presence of 11 different oligonucleotide sets for each specific gene being used on the microarray versus only a single primer set for a gene in a quantitative PCR, the microarray is more effective at eliminating false positive or negative data and provides a more robust quantification of changes in gene expression.
In vivo treatment protocols
P4 or P5 old female rats were kept with their mothers and treated by s.c. injection with 50 ml of 2 mg/ml AG 879 (Calbiochem-EMD Biosciences, Inc.), or with vehicle alone (sesame oil containing 10% DMSO). This resulted in a calculated AG 879 concentration in the rat pup of 23.9 mM, or 7.6 mg/kg per day. The AG 879 solution was prepared by dissolving AG 879 in DMSO to make a 20 mg/ml stock solution and then diluting the stock solution with sesame oil to make a 2 mg/ml injection solution. Rats were treated daily for 5 days (P5-P9) and killed at ages P9, P13, or P28. Ovaries were fixed in Bouin's solution for 1-2 h and paraffin embedded prior to sectioning and hematoxylin/eosin staining for morphological analysis. Pubertal female rats (P23 or P26) were weaned from their mothers and treated by i.p. injection with 0.45 mg AG 879 diluted in either 50 ml DMSO or 450 ml sesame oil containing 10% DMSO. Control animals were treated with vehicle alone. The resulting AG 879 concentrations in the rats were calculated to be 23.5 mM, or 6.7 mg/kg per day. Ovaries were fixed in Bouin's solution for 3-4 h and paraffin embedded prior to sectioning and hematoxylin/eosin staining for morphological analysis.
Statistical analysis
Organ culture treatment groups were compared using an ANOVA (one-way ANOVA). Following a significant result with ANOVA, treated groups were compared with the control using Dunnet's Multiple Comparison post-hoc test. All statistics were calculated with the help of GraphPad Prism version 4.0b software (GraphPad Software, Inc., San Diego, CA, USA).
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